Human immunodeficiency virus type 2 (HIV-2) is generally considered capable of using a broad range of coreceptors. Since HIV-2 variants from individuals with nonprogressive infection were not studied previously, the possibility that broad coreceptor usage is a property of variants associated with progressive infection could not be excluded. To test this, we determined the coreceptor usage of 43 HIV-2 variants isolated from six long-term-infected individuals with undetectable plasma viremia. Using GHOST indicator cells, we showed for the first time that the only coreceptors efficiently used by low-pathogenic HIV-2 variants are CCR5, GPR15 (BOB), and CXCR6 (BONZO). Surprisingly, control HIV-2 variants (n ‫؍‬ 45) isolated from seven viremic individuals also mainly used these three coreceptors, whereas use of CCR1, CCR2b, or CCR3 was rare. Nearly a quarter of all HIV-2 variants tested could infect the parental GHOST cells, which could be partially explained by CXCR4 usage. Use of CXCR4 was observed only for HIV-2 variants from viremic individuals. Thirty-eight variants from aviremic and viremic HIV-2-infected individuals were additionally tested in U87 cells. All except one were capable of infecting the parental U87 cells, often with high efficiency. When virus production in parental cells was regarded as background in the coreceptor-transduced cell lines, the results in U87 cells were largely in agreement with the findings in GHOST cells. HIV-2 isolates from aviremic individuals commonly use as coreceptors CCR5, GPR15, and CXCR6, as well as an unidentified receptor expressed by U87 cells. Broad coreceptor usage, therefore, does not appear to be associated with pathogenicity of HIV-2.
Human immunodeficiency viruses (HIV) use CD4 in combination with a chemokine receptor to enter target cells. The first chemokine receptors recognized to function as coreceptors for HIV were CCR5 and CXCR4 (19, 24, 27) . Since then, the capacities of numerous members of the chemokine receptor family, e.g., CCR1 through CCR8, CXCR6 (BONZO), GPR15 (BOB), GPR1, APJ, CX3CR1 (V28), CXCR5, and RDC1, to support HIV infection in vitro have been studied (12, 13, 15, 22, 26, 31, 34, 46, 49) .
To study which chemokine receptors HIV variants can use for cell entry, cell lines that are nonpermissive for HIV and that have been engineered to express CD4 and a chemokine receptor of interest are generally used. Derivatives of a human glioma cell line (U87) and a human osteosarcoma cell line (HOS or GHOST) have predominantly been used for this purpose. Based on the capacity to productively infect these indicator cell lines, it has been shown that most primary HIV type 1 (HIV-1) variants are restricted to the use of CCR5, although variants exist that can also use CXCR4 and/or CCR3 (4, 8, 16, 21, 45, 55, 59) . Only a minority of HIV-1 variants have been shown to be capable of infecting cells expressing other coreceptors, like CCR2b (4, 16) , CCR8 (21, 61) , CXCR6 (BONZO), or GPR15 (BOB) (8, 21, 59, 61) . In contrast, many HIV-2 variants could infect a whole range of indicator cells expressing different coreceptors, indicating a more promiscuous nature of HIV-2 with respect to coreceptor usage (29, 37, 38, 42, 51) .
In general, HIV-1 infection is established by CCR5-using variants (R5 variants), whereas CXCR4-using variants (X4 variants) evolve during the course of infection in about half of HIV-1-infected individuals (4, 16, 52) . Differential expression of chemokine receptors within CD4-positive cells creates distinct target cell populations and contributes to the different tropisms of HIV variants. Thus, R5 and X4 HIV-1 variants have been shown to infect partially distinct T-lymphocyte subpopulations in vivo (6, 55) . The evolution of variants with the capacity to use extra or alternative coreceptors broadens or alters the target cell population and may thereby influence the course of infection and pathogenesis. For HIV-1, the appearance of X4 variants and the acquired capacity to infect thymocytes and naïve T cells coincides with accelerated CD4
ϩ -T-cell loss and disease progression (2, 6, 33) .
The observation that HIV-2 is generally capable of using a large number of different chemokine receptors as coreceptors suggests that HIV-2 has a broader tropism than HIV-1. Indeed, a broader in vitro tropism for human and animal cell lines has been observed (14, 36) . The observed broad coreceptor usage and tropism seem to conflict with the lower pathogenicity of HIV-2 (3, 17, 28, 44) . Many HIV-2-infected individuals remain AIDS free for prolonged periods and have low or no detectable levels of viral RNA in their plasma (35) .
However, the vast majority of HIV-2 variants studied so far have been isolated from HIV-2-infected individuals with clinical symptoms, and the coreceptor usage of variants from individuals with a known nonprogressive course of HIV-2 infection was not determined. Therefore, the possibility that broad coreceptor usage is a feature associated with more pathogenic HIV-2 variants could not be excluded. This bias in selection of viruses can be attributed to the difficulty of isolating virus from asymptomatic HIV-2-infected individuals with high CD4 counts (1, 18, 50) , a problem which is likely related to the low viral loads in these individuals (3, 17, 44) .
Using an optimized HIV coculture protocol, we previously isolated virus variants from six long-term-nonprogressing HIV-2-infected individuals who had undetectable plasma RNA loads (Ͻ500 RNA copies ml Ϫ1 ) for 4 to 10 years (5) . In the present study, we established the coreceptor usage of these HIV-2 variants using GHOST and U87 indicator cell lines, and we show for the first time that the majority of HIV-2 variants of aviremic HIV-2-infected individuals efficiently use CCR5, GPR15 (BOB), CXCR6 (BONZO), and an unidentified coreceptor expressed by U87 cells. The coreceptor usage of control variants isolated from individuals with progressive infection was also largely restricted to these chemokine receptors, although some variants used CXCR4 instead. Apparently, the use of CCR5, GPR15, and CXCR6 is a common property of HIV-2 and is not associated with the level of disease progression and pathogenicity.
MATERIALS AND METHODS

Subjects.
Biological virus clones were isolated from peripheral blood mononuclear cells (PBMC) of six HIV-2-infected individuals from the Rotterdam cohort (54) who had undetectable plasma loads (Ͻ500 copies ml Ϫ1 ) at multiple time points during a follow-up ranging from 4 to 10.5 years ( Table 1) . None of the individuals received antiretroviral therapy. In the last 1.5 years of follow-up, an ultrasensitive reverse transcriptase (RT) PCR revealed that the individuals had even less than 50 copies ml Ϫ1 at at least one time-point analyzed. CD4 ϩ -T-cell numbers were stable and ranged from 550 to 900 l Ϫ1 at the moment of analysis. As a control, biological clones were isolated from seven individuals with low to high plasma RNA loads (1,300 to 330,000 copies ml Ϫ1 ). One of these individuals was asymptomatic, with slightly reduced but stable CD4 counts; the other six had a progressive course of infection, as evidenced by clinical symptoms and/or CD4 counts of Ͻ200 l Ϫ1 (Table 1) .
Isolation of viruses.
Viruses were isolated as described previously (5) . Briefly, large quantities of PBMC isolated from fresh blood (aviremic individuals) or cryopreserved PBMC (viremic individuals) were depleted of CD8 ϩ T cells, and a total of 4 ⅐ 10 7 to 1.8 ⅐ 10 8 (aviremic individuals) and 5 ⅐ 10 4 to 2 ⅐ 10 6 (viremic individuals) cells were cocultured in several dilutions with freshly phytohemagglutinin-stimulated CD8-depleted healthy donor peripheral blood lymphocytes in 24-or 96-well plates and maintained for 28 to 40 days.
Propagation of virus stocks. For each participant, virus stocks were grown from a selection of 10 positive wells (i.e., 10 biological clones) or from all positive wells if Ͻ10 were positive (Table 1) . Wells were selected to contain a representative mix with respect to the first day of detection of virus production. Further selection from wells that were virus positive on the same day was random. Cultures with the lowest patient cell concentrations were used to maximize the probability that virus variants were clonal. Clonality was confirmed retrospectively by sequence analysis of the V1-to-V3 region of the envelope gene from cultured viruses (not shown). The same sequence analysis also confirmed that the virus variants were HIV-2 subtypes A and B (data not shown). For propagation, half of the cells in virus-positive wells were mixed with 3 ⅐ 10 6 freshly phytohemagglutinin-stimulated (1 g/ml; Murex; Biotrading Benelux BV, Mijdrecht, The Netherlands) and CD8-depleted (CD8 beads; Dynal Biotech GmbH, Hamburg, Germany) healthy donor peripheral blood lymphocytes in 3 ml of IMDM (Biowhittaker-Cambrex Bio Science, Verviers, Belgium) supplemented with 10% Fetalclone II (HyClone; Perbio Science Nederland BV, Etten-Leur, The Netherlands), 20 U of recombinant interleukin-2 (Proleukin; Chiron Benelux BV, Amsterdam, The Netherlands) and 4 g of Polybrene (Pb; Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany)/ml in T25 flasks. After 7 days, the cultures were refreshed by the addition of 5 ⅐ 10 6 fresh target cells in 5 ml of medium. On day 14, the cell supernatants were harvested, aliquoted, and stored at Ϫ70°C. The virus contents in virus stocks were determined with an enzyme-linked immunosorbent assay-based RT activity detection kit (Lenti-RT Activity kit; Caviditech, Uppsala, Sweden). For infection experiments, cells were exposed to a virus inoculum containing RT activity equivalent to 1 ng of RT ml Ϫ1 unless otherwise indicated.
Control viruses. For control purposes, stocks of four HIV-1 biological clones with known coreceptor usage were grown: ACH208 ‫4ء‬C8 (X4), ACH39 ‫ء‬H4 (R3X4), ACH337 9.2F4 (R5), and ACH583 9.2A2 (R5). These viruses had (45, 55) . The simian immunodeficiency virus variant SIVrcm had previously been isolated from a naturally infected redcapped mangabey and was provided by P. Marx (10) . This virus has been shown to be capable of using human CCR2b, CXCR6, and CX3CR1 as coreceptors (10, 60) and was included to confirm the functionality of the cell lines expressing these receptors. HIV-2 viruses MIR and prCBL20, provided by Á . McKnight (37) , and PH2-1 E6 and RH2-5 E4, previously isolated by C. Guillon in our laboratory (29) , were included in U87 experiments. GHOST cells. GHOST cell lines are human osteosarcoma cells engineered to stably express CD4 (parental cell line) and one chemokine receptor. In addition, GHOST cells contain a green fluorescent protein (GFP) gene under the control of a HIV-2 long terminal repeat. Infection with HIV and subsequent production of the Tat protein induces the expression of GFP. In the present study, cells that express CCR1, CCR2b, CCR3, CCR5, CXCR4, GPR15, or CXCR6 were used. Cells expressing CX3CR1 were used for a subpopulation of viruses. The cells were cultured in RPMI (Biowhittaker) containing 10% fetal bovine serum (FBS) (Biowhittaker), hygromycin (100 g/ml), Geneticin (500 g/ml), and puromycin (1 g/ml). No puromycin was added to the control parental cell line. The cells were passaged two times a week. Batches of cells were stored at different passages. For experiments, only third-and fourth-passage cells were used. Expression of CD4, CCR1, CCR3, CCR5, CXCR4, and CXCR6 on fourth-passage cells was verified by fluorescence-activated cell sorter (FACS) analysis. Expression of CCR2b and GPR15 was confirmed by RT-PCR (not shown). The functionality of CCR2b and CX3CR1 on the respective cell lines was confirmed by the susceptibility of these cells to SIVrcm (10, 60) .
U87 cells. U87 cell lines are human glioma cells engineered to stably express CD4 (parental cell line) and one chemokine receptor. Cells expressing CCR1, CCR2b, CCR3, CCR5, CXCR4, or CXCR6 were used in the present study. The U87-CXCR6 cell line was previously constructed by van Rij et al. (55) . CD4 and coreceptor expression levels were determined by FACS analysis, and only batches of cells with known expression levels were used for all experiments (U87-CCR1, 72% CCR1 ϩ ; U87-CCR3, 91% CCR3 ϩ ; U87-CCR5, 98% CCR5 ϩ ; U87-CXCR4, 96% CXCR4 ϩ ; U87-CXCR6, 99% CXCR6 ϩ ). CCR2b mRNA expression was confirmed by RT-PCR (not shown). All cells except the parental cell line (see below) contained 92 to 99% CD4 ϩ cells. Three different batches of the parental cell line that varied in culture history and CD4 expression levels were used. The first batch (A) consisted of cells that had been obtained from the National Institutes of Health AIDS Research and Reference Reagent Program, propagated at CLB-Sanquin in Amsterdam, and then cryopreserved. These cells were thawed again in our laboratory and used for pilot experiments until, after a culture period of 2 to 3 months, FACS analysis revealed that only 15 to 25% of the cells expressed CD4. Then, the cell line was enriched for CD4 ϩ cells by positive selection using magnetic beads coated with anti-CD4 monoclonal antibodies (Dynal Biotech GmbH). The resulting cell line had 90% CD4 ϩ cells and was used as a control cell line for analysis of all tested HIV-2 variants. The second batch (B) was recently obtained from the EVA/ MRC Centralised Facility for AIDS Reagents (catalog no. ARP069c; date, May 2002) and propagated for just 1 week before use. The third batch (C) was provided by Á ine McKnight (date, October 1998) and was from the same lineage as the cells she had previously used in her studies (37) . Batches B and C contained 69 and 85% CD4 ϩ cells, respectively, at the moment of infection. U87 cells were cultured in RPMI (Biowhittaker) containing puromycin (1 g/ml) and Geneticin (200 g/ml) and, after the observation of loss of CD4 by the parental cell line, were passaged two times a week, thus refreshing the antibiotics every third or fourth day.
Monoclonal antibodies and primers. GHOST and U87 cells were stained with phycoerythrin-conjugated ␣-CCR1, ␣-CCR3, and ␣-CXCR6 (clones 53504.111, 61828.111, and 56811, respectively; R&D Systems Europe Ltd., Abingdon, United Kingdom), R-phycoerythrin-conjugated ␣-CCR5 and ␣-CXCR4 (clones 2D7 and 12G5, respectively; BD Biosciences-Pharmingen, San Diego, Calif.), and ␣-CD4 (clone MT310; DAKO Diagnostics BV, Glostrup, Denmark) according to standard flow cytometric procedures.
For determination of expression of GPR15 (in GHOST cells) and CCR2b (in GHOST and U87 cells), total mRNA was isolated from cell lines by using an Oligotex mRNA minikit (QIAGEN GmbH, Hilden, Germany). cDNA was synthesized using random primers, and GPR15 and CCR2b sequences were amplified using CCR2b-specific primers (5Ј TGC TGT CCA CAT CTC GTT CTC GG 3Ј [sense] and 5Ј CCC TAT GCC TCT TCT TCT CGT TTC G 3Ј [antisense]) and GPR15-specific primers (5Ј TGC AGT GTC CTC CTG CTC ACT TGC 3Ј
[sense] and 5Ј TGT GCT TTC CTG ATT GCT GGT AAT GG 3Ј [antisense]).
Infection of GHOST cells. In total, 88 HIV-2 variants were tested in nine separate experiments, each experiment including an X4-using HIV-1 variant as a positive control and mock-infected cells as a negative control. For every two experiments, a second-passage batch of each of the eight GHOST cell lines was thawed and put into culture. The first experiments were performed on cells that had been allowed to recover from thawing for 4 to 5 days, and the second experiments were performed 3 days thereafter. One day prior to infection, cells were seeded in 24-well plates at 35,000 per well in selection medium. Just prior to infection, the culture medium was removed from the wells, collected in tubes (one for each cell line), and set aside. Cell-free virus (virus stock containing 0.5 ng of RT in 500 l of RPMI-10% FBS-4 g of Pb/ml) was added to the cells, and the plates were centrifuged for 15 min at 2,700 ϫ g to enhance the infection efficiency (spinoculation) (30, 43) . In preliminary experiments, spinoculation and addition of Polybrene had been shown to increase the infection efficiency 6-to 10-fold (data not shown). After being spun, the plates were placed in a 37°C-5% CO 2 incubator for a 4-h incubation. The virus was removed, and 900 l of the collected 1-day-old selection medium was reapplied to the wells. The cells were incubated for another 3 days at 37°C-5% CO 2 and harvested. For that purpose, the culture medium was completely removed, and the cells were incubated with 90 l of trypsin (GIBCO-Invitrogen). The trypsin was inactivated by the addition of 300 l of phosphate-buffered saline-20% FBS, and the cells were kept at 4°C until they were analyzed using a flow cytometer (Fig. 1A) . As a measure for productive infection, we used the ratio-to-cell-negative (RTCN) that was previously defined by Vödrös et al. (57) . This value incorporates both the percentages of GFP-positive cells and the fluorescence levels (i.e., mean fluorescence intensity [MFI]). More specifically, the RTCN equals the ratio of the [percent GFP Experiments were repeated with two-times-larger inocula when the infection efficiency of CCR5-using variants in CCR5-expressing cells was low (Ͻ10% GFP ϩ ) or with equal inocula when the results were inconclusive despite a high infection efficiency of CCR5 ϩ cells. Infection of U87 cells. One day prior to infection, cells were seeded in 96-well plates at 5,000 per well in wells previously coated with 0.1% gelatin to enhance cell attachment. Just prior to infection, the culture medium was removed and cell-free virus plus 0.2 ng of RT/200 l of RPMI-10% FBS-4 g of Pb/ml was added. Cells and virus were incubated overnight at 37°C-5% CO 2 . After overnight incubation, the virus was removed and the cells were washed three times with RPMI-10% FBS. After the final wash, 200 l of selection medium plus Pb was added. The cultures were maintained for 14 days; then, the culture supernatants were harvested, and RT activity was determined using a Lenti-RT Activity kit (Caviditech).
Statistical analyses. Correlations (p26 concentrations versus RTCN, percentages of CXCR4
ϩ cells versus RTCN, and RT concentrations between batches of parental U87 cells) were determined by calculating Spearman's rho (r s ). The susceptibilities of batches of parental U87 cells to HIV-2 were compared using the Kendal W test. All statistical analyses were performed with SPSS version 11 for Windows.
RESULTS
GHOST cells and analysis of GFP expression. The levels of receptor and coreceptor expression of the cell batches used in the experiments are shown in Table 2 . Each cell line expressed CD4 and the coreceptor of given specificity. However, each cell line also contained cells expressing CXCR4, likely due to endogenous gene expression. The proportions of CXCR4-expressing cells in cell lines other than GHOST-CXCR4 were generally low, but they were considerable in the GHOST-CCR1 and GHOST-CCR2b cell lines (11 and 27%, respectively).
Productive infection was determined by analysis of GFP expression using a flow cytometer (Fig. 1A) . As a measure of GFP production, the proportion of fluorescent cells and the level of fluorescence were incorporated into one value, the RTCN (57). To validate the assay, we tested whether RTCN values correlated with viral p26 production in supernatants of HIV-2-infected GHOST-CCR2b, -CCR3, -CCR5, and -CXCR6 cells. For all viruses tested, the conclusions regarding coreceptor usage were the same whether GFP expression or p26 production was used as the readout (Fig. 1B) . Moreover, the correlation between RTCN values 3 days postinfection and levels of p26 accumulated in culture supernatants on the same day was highly significant (r s ϭ 0.96; P Ͻ 0.0001) (data not shown). In some cases, the RTCN was positive while the p26 level measured on day 3 was negative; however, in all these cases, p26 was detected by day 7 (Fig. 1B , virus i, CCR5, and virus ii, CXCR6). Using RTCN, cultures producing only very small amounts of virus (Ͻ100 pg of p26/ml) could be identified, demonstrating the high sensitivity of the assay (Fig. 1B , virus iv, CCR2b and CCR3, and virus ii, CXCR6). Moreover, the assay was highly reproducible, as demonstrated by the similar infection patterns of the eight cell lines in independent experiments (Fig. 1C) . Analysis of coreceptor use of HIV-2 variants in GHOST cells. The coreceptor usage of 43 HIV-2 biological clones obtained from six long-term aviremic HIV-2-infected individuals and 45 biological HIV-2 clones from seven viremic individuals (Table 1) was studied with GHOST cell lines expressing CCR1, CCR2b, CCR3, CCR5, CXCR4, CXCR6, or GPR15 (Table 3) . For 62 (70%) of 88 HIV-2 variants tested, infection of the GHOST-CCR5 cells resulted in RTCN values of Ͼ500. Consequently, entry via other coreceptors would still be detectable when it was 100 times less efficient than entry via CCR5. Only five variants infected the GHOST-CCR5 cell line with extremely low efficiencies (RTCN Ͻ 100). Four of these infected other cell lines with higher efficiencies, indicating that CCR5 was not the major coreceptor for these variants. One variant remained negative on all cell lines and was not included in further analyses.
Most HIV-2 variants isolated from the nonprogressing, aviremic individuals efficiently infected the three cell lines expressing CCR5, GPR15, and CXCR6 (n ϭ 33; 76%). These three cell lines, or a subset of them, were also efficiently infected by most variants from viremic individuals (n ϭ 32; 73%). Some HIV-2 variants infected all or a large number of the GHOST cell lines, and this always coincided with permissiveness of the parental cell line. HIV-2 variants with tropism for the parental GHOST cells were detected in 10 individuals, 5 in each study group, and constituted 23% of all variants analyzed for both patient groups. Only rarely, if at all, was infection of the cell lines transduced with CCR1, CCR2b, CCR3, or CXCR4 observed when the parental cell line was not infected.
In a subsequent experiment, a subpopulation of the HIV-2 clones (n ϭ 33) was additionally tested in GHOST-CX3CR1 cells (Table 4) . About half of the variants tested (51%) could infect this cell line, albeit with relatively low efficiency compared to SIVrcm.
Infection of parental GHOST cells can be partially explained by CXCR4 use. The capacity to infect the whole range of GHOST cells was a property shared with the X4-restricted HIV-1 control virus (Fig. 1C) , and the most obvious explanation was that infection is established via endogenous CXCR4. In support of this, levels of virus production (expressed as the RTCN) correlated with the proportion of CXCR4-expressing cells in the cell lines exposed to X4 HIV-1 (Fig. 2) . To confirm whether infection of GHOST cells by HIV-2 variants capable of infecting the parental cells was indeed established via endogenous CXCR4 and to determine additional coreceptor use of these variants, infections were repeated in the presence and absence of T22, a CXCR4 antagonist (40, 41) (Fig. 3) . In eight cases, T22 completely inhibited virus replication in all cell lines, indicating that these variants were X4 restricted, and infected each cell line via CXCR4 only. In contrast, an R3X4 control HIV-1 variant still infected GHOST-CCR3 cells in the presence of T22, revealing entry via CCR3 and demonstrating the functionality of this coreceptor in GHOST-CCR3 cells. In six other cases, T22 had no effect on infection, suggesting that entry was not established via CXCR4. In line with this, these viruses infected the GHOST-CXCR4 cell line with relatively low efficiency (Table 3) . Moreover, the T22-insensitive variants were not capable of infecting CCR5
Ϫ/Ϫ PBMC, in contrast to the T22-sensitive variants, which could infect CCR5 Ϫ/Ϫ PBMC as efficiently as CCR5 ϩ/ϩ PBMC (not shown). Six variants that were capable of infecting parental cells were not tested for T22 sensitivity, but all could infect GHOST-CXCR4 cells only with low efficiency and were incapable of infecting CCR5 Ϫ/Ϫ PBMC (not shown), strongly suggesting that these viruses cannot use CXCR4. The susceptibility of parental GHOST cells to HIV-2 variants independent of CXCR4 may indicate the presence of a second, still unidentified HIV-2 coreceptor on GHOST cells.
In contrast to T22-sensitive variants, coreceptor use by the T22-insensitive GHOST-tropic variants could not be accurately determined. However, when virus production in the parental cells is considered as background in the coreceptortransduced cells, these variants appear to use CCR5, GPR15, and CXCR6 (Table 5 ). Three out of 12 of these variants infected GHOST-CCR1 cells above background levels, which may indicate weak CCR1 usage.
HIV-2 phenotyping based on GHOST infection and sensitivity to T22. Based on the capacity of the HIV-2 variants to infect the different GHOST cells and their sensitivity to T22, HIV-2 coreceptor use could be determined for all variants except one. The significance of the eight chemokine receptors in functioning as HIV-2 coreceptors is reflected by the frequency of HIV-2 variants capable of using these chemokine receptors as coreceptors (Fig. 4A) . CCR5, GPR15, and CXCR6 were used with high efficiency by 91, 81, and 74% of all viruses, respectively, and appeared to be the major HIV-2 coreceptors. About half of the variants tested (51%) also used CX3CR1, but only with low efficiency. Smaller fractions of HIV-2 variants could use CXCR4 efficiently (9%) or use an unidentified GHOST coreceptor inefficiently (14%). CXCR4 
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on November 11, 2017 by guest http://jvi.asm.org/ use was observed only for variants isolated from viremic individuals. Use of CXCR6, GPR15, and the unidentified GHOST coreceptor was more often observed in the aviremic than in the viremic study group. CCR1, CCR2b, and CCR3 appeared not to be significant HIV-2 coreceptors. The majority of HIV-2 variants could use CCR5, GPR15, and CXCR6 (Fig. 4B ). This R5G15X6 phenotype was the most common phenotype in individuals with and without plasma viremia. In addition to these three coreceptors, some variants could use the unidentified GHOST coreceptor (n ϭ 12) and/or CCR1 (n ϭ 4) inefficiently or use CCR3 (n ϭ 1) efficiently; together, these variants are designated R5G15X6 ϩ variants. This type of HIV-2 variant, capable of using four or more coreceptors, was detected in 8 out of 13 infected individuals. Together, the R5G15X6 and R5G15X6 ϩ phenotypes constituted 74% of all HIV-2 variants. At least some of these variants are likely to use even more coreceptors, as indicated by the fact that the majority (63%) of 27 R5G15X6 and R5G15X6
ϩ variants tested could also use CX3CR1. The R5X6G15 and R5X6G15 ϩ HIV-2 phenotypes were the only two phenotypes observed in aviremic HIV-2-infected individuals. In the group of individuals with viremia a higher number of different phenotypes was observed, among which were X4 variants and R5-using variants with a more restricted coreceptor use. Despite the apparent high level of phenotypic variation in the group of viremic individuals, generally no more than two different types of variants were observed per patient, which is similar to the variation in aviremic patients ( Table 3) . The presence of variants with different phenotypes in aviremic individuals may suggest a low level of ongoing virus replication and evolution, despite the undetectable levels of virus in their plasma.
Analysis of coreceptor use of HIV-2 variants in U87 cells. The observation that CCR1, CCR2b, and CCR3 did not gen- erally function as HIV-2 coreceptors in GHOST cells, even in individuals with progressive infection, was unanticipated and contrasted with previous observations (7, 29, 38, 42) . To verify the data we obtained with the GHOST cells, we did an additional coreceptor analysis in a panel of U87 cells for 38 of the variants (Table 6 ). Most HIV-2 variants tested could infect a broad range of U87 cells, in agreement with previous observations (29, 37, 38) . However, 37 (97%) of the variants also infected the parental cell line, often with high efficiency, indicating that these cells express a major HIV-2 coreceptor. The appearance of promiscuity of coreceptor usage increased, along with increasing efficiency in infecting the parental cell line (Fig. 5) , suggesting that virus production in all cell lines is at least partially due to entry via the same unidentified coreceptor. When virus production in the parental cells was taken as background production in the coreceptor-transduced cells, coreceptor usage appeared generally the same or more restricted than that based on GHOST cells (Table 6 ).
Four HIV-2 variants previously demonstrated to be capable of using a broad range of coreceptors but incapable of infecting the parental cell lines (29, 37) were included in the present study. In our hands, these variants infected the whole range of U87 cells, including the parental U87 cells (Table 7 ). Taking into account the level of replication in parental cells, previous conclusions regarding coreceptor usage could largely be confirmed for two of these variants, but not for two others.
To exclude the possibility that the permissiveness to HIV-2 infection was a property specific to our parental U87 cells, we compared the susceptibility of this cell line ( ; P ϭ 0.002; Kendal W test). Importantly, in each cell batch the relative tropisms of HIV-2 variants for parental U87 cells were similar, i.e., variants with relatively high virus production in one batch of cells also had relatively high virus production in the other two batches. This is confirmed by the correlation between the levels of virus production in different batches of cells (A versus B, r s ϭ 0.82 and P ϭ 0.001; A versus C, r s ϭ 0.80 and P ϭ 0.001) (data not shown).
Notably, one HIV-2 variant (RH2-15 E10) appeared capable of infecting U87-CXCR4 but not GHOST-CXCR4 cells. This variant could infect CCR5 Ϫ/Ϫ PBMC, which could be partially inhibited by T22 (not shown). Although the HIV-2-infected individual from whom this variant was isolated had detectable levels of virus in the plasma, there were no signs of disease progression for 4 years after the first detection of a variant with discordant CXCR4 use. 
a Infection of GHOST-CX3CR1 cells was tested in a separate assay. Parental GHOST cells and GHOST-CCR5 cells were included as control cell lines. SIVrcm was previously shown to be capable of using CX3CR1 (60) and was included as a positive control; an R5 HIV-1 variant was included as a negative control. RTCN values of Ͻ5 are considered negative (Ϫ).
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DISCUSSION The present study is the first to describe the coreceptor usage of HIV-2 variants from individuals who had undetectable levels of viral RNA in their plasma and high and stable CD4 counts for prolonged periods. Of the eight chemokine receptors tested in GHOST cells, these HIV-2 variants used only CCR5, GPR15, and CXCR6 with high efficiency. Most HIV-2 variants isolated from individuals with progressive HIV-2 infection and/or viremia were restricted to the same chemokine receptors, while some variants from half of these 
a Coreceptor usage was deduced for T22 insensitive variants (I) by subtracting 1.5 times the value of parental cells from that of coreceptor-transduced cells (values  from Table 3) , and for T22 sensitive variants (II) by translating the effect of T22 (values from Fig. 3) . RTCN values Ͻ1.5 times that in the parental cells (I) or Ͻ5 in the presence of T22 (II) are considered negative (Ϫ). individuals used CXCR4 instead. Use of CCR1, CCR2b, and CCR3 was rare.
Almost a quarter of all tested HIV-2 variants could infect the parental GHOST cells, albeit inefficiently. This could be partially explained by the presence of CXCR4, which is known to be endogenously expressed by HOS cells, from which GHOST cells are derived (11, 47) . Every GHOST cell line contained a fraction of CXCR4-expressing cells, the magnitude of which correlated with the level of virus produced by X4-restricted HIV variants. Discrepancies exist in the literature regarding infection of parental GHOST cells by X4 HIV variants (8, 42, 57, 58, 60, 61) . This may suggest that different batches of parental cell lines have different levels of CXCR4 expression and consequently different susceptibilities to X4 HIV infection. Other variants infected parental GHOST cells independently of CXCR4, as evidenced by their insensitivity to T22, relatively low capacity to infect GHOST-CXCR4 cells, and inability to infect CCR5 Ϫ/Ϫ PBMC. One can speculate that such variants are able to infect CD4-positive cells independently of a coreceptor. However, if it exists, coreceptorindependent infection occurs only under specific conditions, since these variants could not infect CCR5 Ϫ/Ϫ PBMC. Alternatively, GHOST cells may express a second, still unidentified HIV-2 coreceptor. If so, the low susceptibility of parental GHOST cells to only a minority of HIV-2 variants indicates either that this unidentified GHOST coreceptor is not a major HIV-2 coreceptor or that expression levels are low, allowing only variants with the highest affinity for the receptor to enter the cells. A candidate might be CXCR6, which is expressed by HOS cells (3) , but as we show here, at levels too low to be detectable by FACS analysis. However, the lack of an association between virus production in GHOST-CXCR6 cells and that in parental cells argues against CXCR6 being the second GHOST coreceptor. An alternative candidate may be CXCR5/ BLR1 (31) . Parental U87 cells appeared highly susceptible to infection with HIV-2, although the efficiency of infection varied among virus variants. This was observed for three different batches of parental U87 cells, among which were cells freshly obtained from an AIDS reagent distribution program and cells closely related to those used in a previous study, and is in agreement with previous studies demonstrating infection of U87.CD4 cells by HIV-2 (14, 23, 51) . The high frequency with which parental cells are infected and the high levels of virus produced indicate the presence of a major HIV-2 coreceptor on the surfaces of U87 cells. Although U87 cells express CXCR6 mRNA (25, 48) , we could not detect CXCR6 on the cell surface of any of the U87 derivatives other than that of the a Shown are concentrations of RT (pg/ ml) in culture supernatants after 14 days of culture. Negative cutoff of the assay is 10 pg/ml. Values below cutoff are considered negative (Ϫ). Values in the coreceptor-transduced cell lines that are at least 1.5 times higher than values in parental cells are underlined. NT, not tested.
b Coreceptor usage in GHOST cells as deduced from tables 3 and 5. R1, CCR1; R5, CCR5; G15, GPR15; X6, CXCR6; p, parental infection. Note that GPR15 was not tested in U87 cells.
U87-CXCR6 cell line. Given the high virus production in all U87 cell lines, it is unlikely that CXCR6 represents the unknown U87 coreceptor. Alternative candidates are GPR1 and RDC1, both of which are expressed by U87 cells (25, 26, 48, 49) and both of which confer HIV-2 susceptibility on the otherwise nonpermissive human glioma cell line NP-2 when coexpressed with CD4 (48, 49) . Further studies are needed to reveal the identity of this HIV-2 coreceptor.
In previous coreceptor studies, parental U87 cells were not susceptible to infection by all of the 33 primary HIV-2 isolates tested (29, 37, 38) . Four of these variants were included in our study and appeared capable of infecting three batches of parental U87 cells tested. Our results indicate that variable susceptibilities of parental cell batches used, possibly in combination with the degree of U87.CD4 tropism of HIV-2 variants tested, are responsible for different findings regarding infection of parental U87 cells. The variable susceptibility of parental U87 cells may be due to variable expression levels of the endogenous HIV-2 coreceptor and/or of transduced CD4. In support of the latter, parental cells of batch B had lower levels of CD4 ϩ cells than cells of batch C, and parental cells we used in pilot experiments appeared to have even lower levels of CD4 ϩ cells. In addition, retrospective analysis of an old batch of parental cells stored in our laboratory since 1998 revealed FIG. 5 . Infection in parental versus coreceptor-transduced U87 cells. Thirty-seven HIV-2 variants were tested on all U87 cell lines (Table 6) , and these variants were grouped based on the level of virus production in the parental cells. The resulting four groups are specified on the x axis, with the number of HIV-2 variants in each group above the bars. Shown are the group median levels of RT production in the coreceptor-transduced U87 cells, with each bar representing a cell line as indicated. that these cells had no detectable levels of CD4, and the cells were not susceptible to HIV-2 infection (data not shown).
In the present study, use of CCR1, CCR2b, and CCR3 by HIV-2 was rarely detected using GHOST cells. This contrasts particularly with previous studies using U87 cells, which demonstrated frequent use of CCR1, CCR2b, and CCR3, albeit with different efficiencies in different studies (29, 37, 38) . In line with our data, with GHOST cells, use of these coreceptors was less frequently detected, and if detected, was mainly associated with use of CXCR4 (42, 60) . It is conceivable that GHOST cells are less sensitive than U87 cells and that the differences between studies and different systems reflect weak use of these coreceptors. In our hands, virus production levels at least 100 times lower than that in CCR5-expressing GHOST cells could still have been detected for most variants, indicating that if CCR1, CCR2b, and CCR3 are used, then it is only with relatively low efficiency. Inefficient use of these coreceptors might be revealed using more sensitive cell-to-cell fusion assays, as was previously demonstrated for the HIV-2 ROD strain (7).
Alternatively, underestimation of nonspecific entry in coreceptor-transduced GHOST and U87 cells, concealed due to the relative lack of susceptibility of parental cells, may have resulted in overestimation of coreceptor use. In support of this, our conclusions based on U87 cells are similar to those based on GHOST cells when virus production in the parental U87 cells is considered to represent nonspecific infection in the other cell lines. Nevertheless, analysis in U87 cells confirmed efficient use of a broad spectrum of coreceptors for two out of four previously tested variants, suggesting that at least some of the discrepancies between previous studies and our own reflect true differences in virus properties.
The use of CXCR6 and/or GPR15 appeared to be a common property of HIV-2 and has also been observed by others (9, 38, 60) . HIV-2 shares this property with SIV (9, 56, 60) , which differentiates these two viruses from HIV-1 (8, 55, 59, 61) . The capacity to use these two chemokine receptors, and also the use of the unidentified U87 coreceptor, may explain the broader tropism of HIV-2 than HIV-1 observed in vitro (14, 36) . The demonstration that HIV-2 variants isolated from individuals with undetectable levels of virus in their plasma efficiently use these chemokine receptors argues against a role in enhancing HIV virulence. The paradox of broad in vitro tropism and low in vivo virus production may be explained by the absence of significant numbers of target cells expressing both CD4 and sufficient levels of the chemokine receptors in vivo. Both CXCR6 and GPR15 are expressed by activated T cells (20, 26, 32, 48, 53) , but none of the HIV-2 variants analyzed here could infect CCR5 Ϫ/Ϫ PBMC in vitro independently of CXCR4. However, others did observe low levels of infection of CCR5 Ϫ/Ϫ PBMC by HIV-2 variants that cannot use CXCR4. The inconsistencies may partially result from the different genetic background and CXCR6 and GPR15 expression levels of the donor of the CCR5 Ϫ/Ϫ PBMC (9, 39). In contrast to CXCR6 and GPR15, use of CXCR4 was observed only in variants isolated from individuals with viremia, three of whom had overt progressive disease. The association of HIV-2 variants capable of using CXCR4 with progressive infection is reminiscent of what is known for HIV-1 (16, 33) . Variants from one asymptomatic individual with viremia could infect some, but not all, CXCR4-positive cell types, which may suggest that X4 HIV-2 variants with different CXCR4 binding properties and different pathogenic potentials exist. In analogy to HIV-1 infection, X4 variants were not observed in all individuals with progressive infection, indicating that although the capacity to use CXCR4 is likely a determinant of HIV-2 virulence, it is not the only one.
In conclusion, we find that HIV-2 variants from nonprogressing individuals have a broader coreceptor repertoire than HIV-1. Moreover, we find that the number of coreceptors used per HIV-2 variant does not increase with disease progression. These findings establish for the first time that promiscuous coreceptor usage per se is not a determinant of HIV pathogenicity.
